It is also of interest to determine the actual regulatory properties of an enzyme in situ in a normal (intestinal) bacterial environment. The regulatory properties displayed in vitro are indicative of the potential of the bacterium but may not reflect the situation in a typical microbial environment.
The research reported here was initiated to test the hypothesis that tryptophanase in E. coli is a catabolic enzyme when the bacterium is growing in a normal enteric environment. The regulatory properties of the enzyme in this environment were also examined to determine whether the full potential for enzyme synthesis can be realized by the bacterium in the enteric environment.
MATERIALS AND METHODS Mice. Mice with conventional enteric microflora were obtained from the mouse colony in the Department of Microbiology, University of Illinois. This colony of white mice has been maintained for 4 years and is thoroughly interbred. For most experiments, siblings or half-sibling mice were used. These mice were kept in small groups segregated as to sex.
TRYPTOPHANASE IN SITU
Lab Chow type 5010 C. This feed was sterilized in a conventional autoclave modified so the sterilizing chamber could be evacuated with a heavy duty vacuum pump before admission of the steam. We found that, when the feed was put in small packets no more than 2 inches deep, a 10-min period of evacuation followed by 20 min at 121 C resulted in reliable sterilization of the Purina feed.
Feed and water were available to mice at all times.
Bacterial cultures. E. coli mi 14 and Aerobacter pi were isolated from the feces of a conventionally raised laboratory mouse and were identified on the basis of Gram stain, IMViC reactions, and other biochemical tests, and characterization of induction of tryptophanase or ,-galactosidase, or both.
Contamination of axenic mice. Mice were contaminated by the addition of an overnight culture containing 2 x 1010 cells of the desired bacteria to 200 ml of drinking water.
Sampling. Fecal samples were obtained by placing all mice in each group in clean cages and allowing them to roam about. After 15 to 30 min enough feces could be collected from the floor of the cage.
Preparation of fecal samples. Fecal samples were weighed and suspended in 0.9% saline solution. The fecal pellets were broken up by violent mixing on a Vortex mixer and warming to 37 C for 10 to 20 min. The addition of several glass beads facilitated the dispersion of the fecal materiaW Cecal samples. Determinations of bacterial numbers and tryptophan, tryptophanase, and indole levels in the cecum were performed essentially as with the fecal samples. Mice were sacrificed by cervical dislocation, and the entire cecum was excised, weighed, and suspended in 10 ml of 0.9% saline. The organ was dispersed by homogenization with a Teflon tissue homogenizer.
Tryptophan determination. Tryptophan was determined enzymatically with partially purified E. coli tryptophanase by the method of Frank and DeMoss (7) . Toluene (4 ml) and 1 ml of tryptophanase reaction mixture [0.1 M bicine (pH 8.0), 40 gg of pyridoxal phosphate per ml, and 200 Ag of bovine serum albumin per ml] were combined in a 50-ml Erlenmeyer flask; 0.2 ml of partially purified tryptophanase was then added, and the mixture was preincubated for 5 min at 37 C; 1.0 ml of the dispersed fecal sample (usually 0.2 to 0.8 g per 10 ml) was added, and incubation was continued for 15 min at 37 C. The reaction was stopped by the addition of 0.2 ml of 2.5 N NaOH. Samples were then centrifuged in a clinical centrifuge to separate the aqueous and toluene phases, and 1 ml of the toluene layer was assayed for indole colorimetrically with 3.6 ml of color reagent (54 g of p-dimethylaminobenzaldehyde, 9,080 ml of 95% ethanol, and 640 ml of concentrated sulfuric acid). A standard curve was prepared for each determination. Tryptophan content is reported as umoles of L-tryptophan per 100 mg wet weight of sample.
Tryptophanase determination. Tryptophanase was determined essentially as was tryptophan but with the crude tryptophanase activity in the fecal sample replacing the partially purified tryptophanase from E. coli. The reaction was initiated by the addition of 0.5 ml of 0.02 M L-tryptophan and was terminated by the addition of 0.2 ml of 2.5 N NaOH. Subsequent treatment was as for the tryptophan determination. Results are reported as units of tryptophanase activity per 100 mg wet weight of sample. One unit is equal to 1 Mmole of indole produced per min.
Indole determination. Indole in fecal samples was determined from tryptophanase reaction mixtures terminated at time zero. The amount of indole present in the sample at time zero was subtracted from both the tryptophan content and the tryptophanase activity for the sample.
The tryptophanase activity of the bacteria in the feces was found to have no influence on the tryptophan determination, because no additional indole was produced when the partially purified E. coli tryptophanase was omitted. The addition of fecal material did not interfere with the tryptophan determination. The recovery of indole in both determinations was essentially 100% as determined by the calculated amount of indole that should result.
Determination of bacterial numbers. Bacterial numbers were determined by plate count. For total numbers, nutrient agar medium was used. To determine coliforms, EMB, or Levine EMB agar (Difco) was used. At various times Brilliant Green Bile agar or MacConkey's agar was used in place of EMB agar. Essentially the same results were obtained with all of these media. Numbers of E. coli and Aerobacter were determined by their characteristic colony formation on EMB agar. Plates were incubated aerobically at 37 C, and colonies were counted after 24 and 48 hr of incubation. It should be emphasized that this procedure enumerates only the aerobic and facultative bacteria, which make up only a small portion of the intestinal flora.
The percentage of indole-positive bacteria was determined by picking 25 colonies at random from a nutrient agar plate, inoculating 1% tryptone broth, and testing qualitatively for indole production after 24 hr of incubation.
Tryptophan supplement. Teklad feed was supplemented with tryptophan by soaking the feed pellets in a 0.1% solution of L-tryptophan (250 ml of tryptophan solution per 1,000 g of feed). When all the liquid was absorbed, the pellets were dried overnight in a drying oven at 50 C. This increased the free tryptophan content of the feed by a factor of 9. The tryptophan supplement did not affect the health of the mice as judged by appearance, weight gain, or ability to reproduce. (5), the adjustment made by the microflora may be expected to involve tryptophanase activity. A series of experiments was initiated in which the diet of laboratory mice was supplemented by a ninefold increase in the tryptophan content. The results of one such experiment (Table 1) show that the enteric microflora responds with an increase in the tryptophanase activity. This increase could be the result of either the induction of tryptophanase in the bacteria already present in the intestinal tract (tryptophanase is inducible in the majority of bacteria having the enzyme) or of an increase in the numbers of those bacteria having tryptophanase activity. In these experiments the increase in tryptophanase activity was not accompanied by an increase in either the absolute numbers of E. coli or other indole-positive facultative aerobes. The numbers of E. coli did not increase relative to the physiologically similar Aerobacter sp. which has no tryptophanase activity and is encountered frequently in the enteric environment.
RESULTS

Effect of increased tryptophan in the host
If the difference in tryptophanase activity of the enteric microflora between the control and the supplemented mice were due to a change in the numbers of the enteric microflora, the tryptophanase activity would be expected to have increased as the experiment progressed. However, the increase in tryptophanase in response to supplementation did not appear to be a function of time, suggesting the increase was due not to a change in the microflora but to a change in the enzyme levels within the microflora, i.e., to the induction of tryptophanase.
Contribution of E. coli tryptophanase to the activity of the enteric microflora. Under appropriate culture conditions, the synthesis of tryptophanase in E. coli can be induced to several hundred times the basal uninduced level (1; Botsford, unpublished data). These conditions require cultures in the early exponential growth phase and a carbon source that does not cause catabolite repression of the induction of tryptophanase synthesis. It is doubtful that bacteria growing with generation times of 4 to 12 hr (8) in a highly complex growth medium in the gut of laboratory mice are capable of realizing their full capacity for induced enzyme synthesis.
To determine the contribution that E. coli could make to the tryptophanase activity of the enteric microflora, the amount of tryptophanase activity per 109 E. coli cells was calculated by using data acquired from a variety of experiments. The values obtained are shown in Table 2 . The data indicate that the tryptophanase activity in a conventional microflora cannot be ascribed solely to E. coli. This is obvious for two reasons. First, the variation in the numbers of E. coli is several orders of magnitude greater than the variation in the tryptophanase activity. Since a 1,000-fold decrease (or increase) in the numbers of E. coli has no discernible effect on the amount of tryptophanase activity in the microflora, the contribution by E. coli must be miniscule. Sec ' Mice with conventional enteric microflora but receiving the same feed as axenic mice. 9 Mice from control groups from the experiment reported in Table 1 . h Mice from experiments described in Table 3 . i Values obtained with a variety of carbon sources and cultural conditions.
The experiments with axenic mice monocontaminated with E. coli mi 14 (Table 2 , line 3) indicate that in situ tryptophanase can be induced to 10 to 30 times the basal uninduced level. This is in contrast to 100 to 200 times the basal level that can be achieved in vitro. The numbers of E. coli in these mice were always in the order of 5 x 109 cells per g of feces, at least 100 times the maximum numbers ever encountered in mice with conventional microflora. The conditions in these axenic monocontaminated mice for the growth of E. coli and thus for the induction of tryptophanase are more favorable than in mice with conventional microflora. Therefore, the amount of tryptophanase per 109 cells in monocontaminated axenic mice may represent the greatest amount of tryptophanase that can be synthesized in situ. Assuming (i) the maximum amount of tryptophanase produced in situ to be 17.9 x 10-3 units per 109 E. coli (Table 2) ; (ii) the average amount of tryptophanase present in feces of mice with a conventional microflora to be 79.2 x 10-s units per g of feces (Table 4) ; and (iii) a typical number of E. coli in the feces of mice with a conventional enteric microflora to be of the order of 106 per g (Table 4 ), the contribution of E. coli to the tryptophanase activity of the fecal microflora can be calculated to be: (17. Competition between E. coli and Aerobacter sp. As noted previously, supplemental dietary tryptophan did not affect the numbers of E. coli either in terms of absolute numbers or relative to the numbers of other facultative enteric bacteria. In these experiments, E. coli and Aerobacter were the most frequently encountered facultative enteric bacteria. The bacteria are similar physiologically and presumably compete with one another in the enteric environment.
To investigate further the competition between E. coli and Aerobacter, axenic mice were contaminated with equal numbers of E. coli mi 14 or Aerobacter pi or both. The various experimental parameters were measured at weekly intervals for 4 weeks. The results of this experiment are shown in Table 3 . The two bacteria were consistently present in approximately equal numbers, indicating either that the bacteria do not compete or that one has no competitive advantage over the other, at least under the experimental conditions used. The (6) . Finally, the levels of tryptophanase are of the same magnitude in the mice contaminated with E. coli alone, with both E. coli and Aerobacter pi, and in mice with conventional microflora, suggesting that only a finite amount of tryptophanase activity can be present in the enteric environment.
Variation in experimental parameters. The enteric system is a dynamic living system and is subject to great variation. Aside from the variation expected due to changes in the nutrition and physiology of the host animal, variation is implicit in any mixed microbial population (2). In Table 4 Relationship of tryptophan and tryptophanase in the enteric environment. Whereas the ninefold increase in dietary tryptophan caused the tryptophanase activity of the enteric microflora to increase, the observed increase was not ninefold. Similarly, the increase in dietary tryptophan was not accompanied by a statistically significant increase in the tryptophan content of the gut. We were unable to distinguish between the possibility that the increase in tryptophanase activity degraded the supplemental tryptophan and the possibility that the host animal was able to degrade and excrete the supplemental tryptophan. Experiments concerning the effect of the enteric microflora on tryptophan metabolism are planned.
DISCUSSION
Despite the limitations inherent in any investigation of microbial ecology in an environment having a complex microflora, our results warrant several definite conclusions concerning E. coli tryptophanase in situ. First, we confirm conclusions from other investigations that E. coli makes up a very small fraction of the enteric microflora (in the order of 10-4%). Second, despite the ability of the bacterium to synthesize huge amounts of the enzyme in vitro, the portion of tryptophanase contributed by E. coli in the enteric environment is miniscule. Therefore, the activity of E. coli tryptophanase has a minimal effect on the host, and the bacterium did not evolve the activity to enhance the relationship between itself and the host. Rather, tryptophanase is necessary to the bacterium per se in the enteric environment.
We have obtained evidence indicating that tryptophanase confers a competitive advantage to E. coli. Of nine tryptophanaseless mutants of mi 14 obtained by nitrosoguanidine mutagenesis and penicillin enrichment, all were found to revert, but the revertants successfully overgrew their tryptophanaseless parents only when cultured in the presence of tryptophan. This observation is consistent with either a catabolic role for the enzyme, i.e., tryptophan serving as a supplementary source of energy and carbon, or with a regulatory role, i.e., tryptophanase protecting the cell against an unknown deleterious effect of high tryptophan concentration.
Another line of evidence is also consistent with either proposed function for the enzyme. Amino acid analyses of hot water extracts of mouse feces showed variable amino acid content, but the tryptophan was invariably present at the lowest concentration. This observation may be interpreted to reflect the degradation of available tryptophan by tryptophanase for either catabolic or regulatory purposes. 
